Photovoltaic (PV) and other sources of renewable energy are being used increasingly in grid-connected systems, for which stronger power quality requirements are being specified. This project upholds the objective of developing an inverter with frequency, voltage and angle tracking using Space Vector Pulse Width Modulation (SVPWM) technique. This project will give an overview of different techniques employed for the inverter control of inverters in grid connected applications, where the power transfer is ensured always from the inverter to the utility. SVPWM is employed as the method for inverter control. Use of SVPWM technique gives a better harmonics response and higher efficiency as compared to the normal regular sampled pulse width modulation techniques. Also another advantage of SVPWM is its ease in digital implementation. The present scope of project is to analyze the existing PWM techniques and their merits and demerits. It also includes the detailed study of proposed scheme of grid connection and implementation of SVPWM for three phase inverter using MATLAB/SIMULINK and results obtained are validated with the theoretical concepts.
INTRODUCTION
Recently, there are many researches about the alternate energy sources with the increase of the concern about the global environment protection and the demand for the pollution-free natural energy. Especially, the solar energy is one of the choices among all. Solar Photovoltaic (PV) cells convert the light energy from the sun to electrical energy. Solar PV systems can either be stand-alone or connected to utility grid. There are many issues related with grid-connected PV systems which led towards the motivation for inverter control where the employed technique is Space Vector Pulse Width Modulation (SVPWM).
Advances in power electronics has led to an increased interest in Voltage Source Inverters (VSI) with Pulse Width Modulation (PWM) control. PWM with high switching frequency is used in power converters to modulate a reference signal into gating pulses to eliminate some dominant harmonics and also to control output voltage. The most commonly used PWM techniques are Sinusoidal PWM (SPWM), delta modulation, and SVPWM. All of these methods aim at generating sinusoidal output voltages without low-order harmonics. The performance of PWM methods is usually judged based on the following criteria: (1) . Harmonic factor, (2) . Total Harmonic Distortion (THD) of output voltages and (3). Switching loses in inverters.
Space Vector Pulse Width Modulation is based on the representation of three phase voltages as space vectors. SVPWM offers many advantages over the conventionally used pulse width modulation method like (1) . 15% increase in the maximum line-to-line voltage obtainable, without over modulation, when compared to conventional PWM for the same dc link voltage (2) . Lower number of switching for a given harmonic factor and (3). Hardware realization is easy compared to other PWM techniques. From implementation point of view, SVPWM is well suited for digital realization. In this work, a symmetrical pulse width modulator for three phase inverter is analyzed.
SVPWM is based on the PWM generation principle. It is employed for three phase inverters and can also be adopted for two phase systems. Now, recently this technique is far extended to polyphase systems. Features of this method are: (1) . inherently suitable for digital implementation, (2) . Provides higher dc-link voltage utilization compared to SPWM, (3). Lower relative harmonic content (THD) than SPWM and (4). Switching frequency of the inverter switches is half the carrier frequency. Thus, switching losses is lesser compared to SPWM with same carrier frequency. Due to all these reasons control of inverter through SVPWM schemes are far improving. Though fast power switching devices can be operated at high switching frequencies they cannot be realized using DSPs. To make full use of available fast devices the present trend is towards the use of FPGA based design systems. Employing FPGA to realize PWM strategies meet the challenges of high switching frequency retaining the reconfigurable feature of DSPs.
The present work includes: (1) . Analysis of the existing PWM techniques, their merits and demerits. (2) . Detailed study of the proposed scheme for grid connected inverters. (3) . Implementation of SVPWM for three phase inverter using MATLAB/SIMULINK and validating the obtained results as per the theoretical concepts.
Distributed Generation:
Recently, many researches are being developed in the area of Distributed Generation (DG) [4] where the transition is from the conventionally used fossil fuels to renewable sources (like solar, wind, fuel cell etc). Photovoltaic systems are increasing in size as they become more affordable and supporting schemes start to include larger installations. Photovoltaic (PV) power supplied to the utility grid is gaining more and more visibility due to many national incentives.
At particularly high frequency application, modulation techniques are utilized on inverters to control switches on these inverters. Some of the modulation techniques that are widely used are Pulse Width Modulation (PWM), SPWM, delta modulation and SVPWM. These modulation techniques vary from each other in terms of specifications and performance but all modulation techniques are developed to achieve several common aims including less THD, less switching losses and thus less commutation losses, wider linear modulation range and also achieving the possibility of controlling frequency and magnitude of the output voltage.
With rapid development in the power electronics field, a new modulation technique has been developed and it is known as Space Vector Modulation (SVPWM). It is also interesting to note that SVPWM is a digital based modulation technique would fit into the rapid development of digital electronic components and thus SVPWM would prove be easier to be implemented and would be cheaper to be utilized. [4] :
Pulse Width Modulation Techniques
The major technique for the control of three phase inverters is as follows: 
Sinusoidal pulse width modulation (SPWM):
In SPWM, a carrier (triangular) wave is being compared with the control (sine) wave and correspondingly the pulses are generated. Here the distortion factor and lower order harmonics are reduced. It is also easy to realize in hardware by using analog integrators and comparators for the generation of the carrier and switching states. Due to the variation of the reference values during PWM period, relation between reference and carrier wave is not fixed which introduces sub-harmonics of the reference voltage causing undesired low-frequency torque and speed pulsations in ac drives. The drawbacks of this modulation technique are: (1) . Introduces higher harmonic content (2) . Increase in switching losses.
By considering the situation where the sine and the triangle amplitudes are equal i.e. modulation index m = 1, represents the maximum value of the fundamental voltage in the output. It is easy to see that the amplitude of the fundamental component of the inverter output voltage in this case is given by:
The equation (1.1) and (1.2) represents maximum output voltage of the inverter in case of sinusoidal pulse width modulation, i.e., for m=1. For linear modulation region (m < 1), the voltage equation becomes m times the value specified in equation (1.1) and (1.2).
Selective harmonic elimination: SPWM is the oldest and best known PWM technique. But this scheme is complicated as far as the hardware implementation is concerned. Sine-triangle comparison with synchronization for variable frequency operation will increase the complexity of the hardware. Selective harmonic elimination technique combines the square wave switching and the pulse width modulation scheme, in order to control the fundamental output voltage as well as to eliminate certain predominant low order harmonics. In this scheme basic square wave produced by the pole voltage is modified by introducing notches in each quarter cycle, while still maintaining the quarter wave symmetry. During this interval the output swings between V dc /2 and -V dc /2. The number of notches and the duration of notches are determined by the fundamental output voltage required and the harmonics to be eliminated.
Staircase PWM:
In staircase PWM, the pattern of triangular wave is retained as in sinusoidal PWM but the sine wave is replaced by a staircase waveform, where the staircase levels are determined by the order of harmonics to be eliminated from the output. Here the output waveform is obtained by comparing the staircase waveform with the triangular waveform. When staircase waveform is higher the output is positive and when triangular wave is higher, then the output is negative.
Current regulated PWM:
Current regulated PWM is mainly used for parallel operations where the output stage current can be controlled in order to regulate the output voltage. The drawback of this method is that the switching losses are very high and hence this technique is not efficient.
Space vector modulation:
Space vector pulse width modulation (SVPWM) has been very popular in the past few years. It is because it is easier to implement it in digital domain. Moreover this technique reduces the current harmonics and switching losses. When compared to sinusoidal pulse width modulation (SPWM), there is an increase in the maximum line to line voltages by 15%. Also the hardware implementation is easy when compared to sinusoidal pulse width modulation. In this approach the reference is provided as a voltage vector, which is sampled once every sub cycle and an average vector equal to reference vector is generated by time averaging of the different voltage vectors produced by the inverter. The detail concept of the space vector modulation is explained in the next section.
TECHNICAL OVERVIEW 2.1 Space Vector Pulse Width Modulation:
Pulse Width Modulation [4] [5] technique is used to generate the required voltage or current to feed the motor or phase signals. This method is increasingly used for AC drives with the condition that the harmonic current is as small as possible and the maximum output voltage is as large as possible. Generally, the PWM schemes generate the switching position patterns by comparing three-phase sinusoidal waveforms with a triangular carrier. The sine triangle method of PWM, though used widely, has its limitations. Space vector modulation is a sophisticate algorithm, which gives 15% more voltage than sine PWM. Here the inverter is treated to be a single unit rather than 3 separate units like in Sine wave PWM. It is somewhat similar to sine + 3rd harmonic PWM technique, but the method of implementation is different.
Voltage Space Vector:
It is similar to the concept of flux space-vector as used in three-phase ac machine. The stator windings of a threephase ac machine (with cylindrical rotor), when fed with a three-phase balanced current produce a resultant flux space-vector that rotates at synchronous speed in the space. The flux vector due to an individual phase winding is oriented along the axis of that particular winding and its magnitude alternates as the current through it is alternating. The magnitude of the resultant flux due to all three windings is, however, fixed at 1.5 times the peak magnitude due to individual phase windings. The resultant flux is commonly known as the synchronously rotating flux vector. Now, in analogy with the fluxes, if a three phase balanced voltage is applied to the windings of a three-phase machine, a rotating voltage space vector is produced. The resultant voltage space-vector will be rotating uniformly at the synchronous speed and will have a magnitude equal to 1.5 times the peak magnitude of the phase voltage. Since the synchronous speed depends upon the frequency of the supply voltages, therefore the speed with which the voltage space vector rotates is directly proportional to the supply frequency. For easier mathematical computation of the voltage space vector, the three phase quantities are transformed to an equivalent two phase representation.
Space Vector Modulation Principle
Consider a three-phase half-bridge voltage source inverter [4] , shown in Figure 1 . Each phase to centre-tap voltage, viz. V RO , V YO and V BO can have only two possible values, namely +Vdc/2 or -Vdc/2 respectively. As there are three switches, corresponding to the three phases, there are eight possible states for the inverter at any instant of time. That is state 1 indicates that upper switch of the leg is on and state 0 indicates that lower switch of a particular leg is on. Since there are 3 legs, hence there are 8 possible switching combinations.
Corresponding to each of the switching states, the motor line to neutral voltages can be determined using the following equations: [4] Hence by knowing a particular switching state, the corresponding line to neutral voltages applied to the motor can be computed using the equation (1.3) to (1.5). Table 1 summarizes these states along with the corresponding line to neutral voltage applied to the motor. Figure 2 . Each of the vectors, V100, V110 etc., in the diagram represent the six voltage steps developed by the inverter with the zero voltages V000 and V111 located at the origin. At each of these states the inverter switches are in a steady state. In order to develop a sine wave at the motor then we must devise a switching pattern that produces a voltage at not only the six vectors states but also one which transitions in between these states. This effectively means producing a continuously rotating vector V ref , which transition smoothly from state to state (or sector to sector). [4] SVPWM [5] seeks to average out the adjacent vectors for each sector. Using the appropriate PWM signals a vector is produced that transitions smoothly between sectors and thus provide sinusoidal line to line voltages, which is equal to the input reference voltage. In other words using space vector modulation technique the output voltages of the inverter should be such that it should be almost equal to the input reference voltages. To obtain such output voltages, the reference voltage is sampled at a particular frequency. Greater the sampling frequency, closer is the output voltage to the reference voltage. But as the sampling frequency increase, the switching frequency increases and hence the switching loss increases. Hence an optimum sampling frequency should be selected. In order to generate the PWM signals that produce the rotating vector, formulae must be derived to determine the PWM time intervals for each sector.
Figure 2. Space vector corresponding to each switching states
The time for which the active vectors are switched and the sector in which the active vectors are switched is determined by sampling the reference voltages. From the magnitude and the position of reference voltages, the time and sector can be found. The symbols T 1 and T 2 respectively denote the time periods for which the active vector along the leading edge and the lagging edge are switched for the realization of the reference voltage space vector in a given sampling time period. The sampling time period is denoted by the symbol T s . By applying volt-sec balance in vector form, the time T 1 and T 2 can be obtained. From Figure 2 , the volt-sec balance along ds and qs axis is written as: In equation (1.11), T 0 denotes the time for which the null vectors (0 and 7) are switched on. In order to minimize the switching of the power semiconductor devices in the inverter, it is desirable that switching should take place in one phase of the inverter only for a transition from one state to another. This objective is met if the switching sequence (0-1-2-7-2-1-0-1-2-7…) is used. Therefore, the zero-interval T0 is divided into two equal halves of length T 0 /2. These half-intervals are placed at the beginning and end of every sampling interval T s , as shown in Fig. 3 . If the half at the beginning is realized with the state '0' (---), then the state at the end is realized with the state '7' (+ + +) and vice-versa.
It is shown that the maximum modulating index in case of SVPWM is 0.866 and maximum line to line rms voltage is given as: 
Figure 3. Gating signal generation in Space Vector
Modulated PWM scheme [4] The algorithm for implementing the SVPWM includes: 1. Identify the sector of the reference voltage. 2. Using equation (1.7) and (1.8), compute the time for which the active vectors and the zero vectors are to be switched on.
3. Determine the switching pattern or sequence to be used.
PROPOSED METHODOLOGY
The basic block diagram of grid-connected PV system is as shown below. It includes the PV panel from which the power is transferred to the utility grid by means of the inverter controlled by SVPWM technique. Thus the main objective is to analyze the inverter control using SVPWM and how the frequency, voltage magnitude and angle tracking is possible using this technique. Here the actual currents and voltages are sensed from the inverter which is time varying quantities. These time varying quantities have to be transformed to the 2-phase systems by means of Clark's transformation and thus abc is transformed to ds, qs. The reference power P* and Q* are obtained using the Maximum Power Point Tracking (MPPT) algorithm (where Q* is made zero in order to achieve UPF) [3] . Both the reference and actual power are compared and the proposed algorithm is in such a way that the maximum power is transferred from PV panel to the utility. So correspondingly changes there will be in SVPWM implementation so that the required triggering signals for the inverter are generated. The Phased Lock Loop (PLL) senses the grid voltage and generates a unit sine wave signal in phase with the grid voltage having same frequency as that of the grid. Phase, amplitude and frequency of grid voltage are the critical information for the operation of grid connected inverter system. In such application, an accurate and fast detection of the phase angle, amplitude and frequency of grid voltage is essential to assure correction generation of reference signals. This information is typically extracted from the PLL system. The aim of PLL is to provide a fast and accurate unitary power factor operation, which involves synchronization of inverter output current with grid voltage. Thus by employing the SVPWM technique it is possible to synchronize the inverter output frequency, voltage magnitude and phase to that of the grid. Thereby, one among the challenging issues in Grid-Connected Photovoltaic systems can be solved. 
SIMULATION RESULTS
The implementation is done in MATLAB/SIMULINK. The operating conditions are:
(1). Input voltages V a , V b and V c are 200V (peak) and 120 degree displaced each.
(2). F switching = 4 KHz, t s =0.25ms, V dc = 400 V, R=5 Ω, L= 10 mH, C= 400 uF.
MATLAB Model for SVPWM Implementation and obtaining the required switching signals:
Here the actual currents and voltages are sensed from the inverter which is time varying quantities. These time varying quantities have to be transformed to the 2-phase systems by means of Clark's transformation and thus abc is transformed to ds, qs.
The reference power P* and Q* are obtained using the Maximum Power Point Tracking (MPPT) algorithm (where Q* is made zero in order to achieve UPF). Both the reference and actual power are compared and the proposed algorithm is in such a way that the maximum power is transferred from PV panel to the utility. So correspondingly changes there will be in SVPWM implementation so that the required triggering signals for the inverter are generated.
SVM Implementation:

Switching Signals given to three phase Inverter:
Once the switching signals are generated using SVPWM technique, these signals are given to the three phase inverter. With the designed value of L and C, the filtered line to line voltage, filtered phase to phase voltage and load current is measured. The harmonic content obtained using this technique is significantly low compared to the other PWM techniques. The above results are obtained for modulation index m=1.
For SPWM, V LL (rms, max) = 200 V and For SVPWM, V LL (rms, max) =288.6 V which is almost 15% increase, when compared to conventional PWM for the same dc link voltage (V dc =400 V). Thus theoretical the concept of SVPWM is validated according to the obtained results. Also the THD value after filtering is much reduced to 2.32%. But compared to the conventionally used SPWM, the proposed method has much reduced THD.
CONCLUSION
A complete overview of different techniques employed for the inverter control of inverters in grid connected applications, where the power transfer is ensured always from the inverter to the utility are analyzed. Also the concept of Space Vector Pulse Width modulation is used for the control of inverter. Use of Space Vector modulation technique gives a better harmonics response as compared to the sampled pulse width modulation techniques like sine PWM. For a modulation index, m = 1, the THD of the inverter output voltage from SPWM is very high about 8.92% while that of SVPWM is about 2.32% (obtained from the simulation results). The number of switchings in SVPWM is less compared to SPWM, leading to lower switching losses and higher efficiency. Also another advantage of SVPWM is its ease in digital implementation. SVPWM offers many advantages over the conventionally used pulse width modulation method like (1) . for modulation index m=1, For SPWM, V LL (rms, max) = 200 V and For SVPWM, V LL (rms, max) =288.6 V which is almost 15% increase, when compared to conventional PWM for the same dc link voltage (V dc =400 V). (2) . the number of switchings for SPWM is continuous for each on and off and hence there are many number of switchings whereas for SVPWM, its only 6 switchings for one sector. Thus by considering for all the 6 sectors the number of switchings is reduced. Hence SVPWM has lower number of switching for a given harmonic factor. The switching losses are reduced and higher efficiency.
(3). Hardware realization is easy compared to other PWM techniques. All these advantages are validated and the results are obtained using MATLAB/SIMULINK.
